Aims: Right ventricular failure (RVF) varies significantly from the more common left ventricular failure (LVF). This study was undertaken to determine potential molecular pathways that are important in human right ventricular (RV) function and may mediate RVF. Materials and methods: We analyzed mRNA of human non-failing LV and RV samples and RVF samples from patients with pulmonary arterial hypertension (PAH), and post-LVAD implantation. We then performed transcript analysis to determine differential expression of genes in the human heart samples. Immunoblot quantification was performed followed by analysis of non-failing and failing phenotypes. Key findings: Inflammatory pathways were more commonly dysregulated in RV tissue (both non-failing and failing phenotypes). In non-failing human RV tissue we found important differences in expression of FIGF, TRAPPAC, and CTGF suggesting that regulation of normal RV and LV function are not the same. In failing RV tissue, FBN2, CTGF, SMOC2, and TRAPP6AC were differentially expressed, and are potential targets for further study. Significance: This work provides some of the first analyses of the molecular heterogeneity between human RV and LV tissue, as well as key differences in human disease (RVF secondary to pulmonary hypertension and LVAD mediated RVF). Our transcriptional data indicated that inflammatory pathways may be more important in RV tissue, and changes in FIGF and CTGF supported this hypothesis. In PAH RV failure samples, upregulation of FBN2 and CTGF further reinforced the potential significance that altered remodeling and inflammation play in normal RV function and failure.
Introduction
Heart failure (HF) currently affects 5.7 million adults in the United States [1] , with nearly 1 million new cases diagnosed each year. Further, this number is projected to increase by nearly 50% by the year 2030 [2] . Coronary heart disease accounts for more than half of all cardiovascular events in those under age 75 [3] , and is largely characterized by acute coronary syndromes that occur at a rate of 750,000 annually in the United States [1] . Coronary disease predominantly affects the left heart, and given the prevalence, it is not surprising that the study of HF has primarily involved the left ventricle (LV). Subsequently, diseases that affect the right ventricle (RV), such as pulmonary hypertension, congenital heart disease, and right-sided valvular disease, are less studied and understood.
In the past two decades, advances in medicine have highlighted the importance of the RV. The two largest groups of patients that have brought attention to the RV are congenital heart disease (CHD) survivors and those with pulmonary vascular disease, known as pulmonary arterial hypertension (PAH). Each of these conditions underscores the importance of right ventricular function in chronic disease. In fact, given the increasing recognition of this, the National Heart, Lung, and Blood Institute organized a working group to define understanding of RV disease and proposed areas of importance for investigation in an effort to improve knowledge [4] . While it has been a decade since this group organized, due to lack of translational animal models and data on specific molecular pathways altered in tissue from patients with RV failure, we unfortunately still lack knowledge of the molecular pathophysiology of these diseases. Further, we lack even a fundamental baseline of how RV dysfunction differs from LV dysfunction in the human heart. To provide new information on the pathways associated with RV dysfunction, we performed transcriptional profiling on tissue from hearts with LV failure, hearts with RV failure, and non-failing hearts. We report that the molecular pathways associated with RV dysfunction are significantly different from LV failure. Further, we validate key surrogate pathways unique to RV failure by protein analyses. Our findings provide new data on the unique pathways associated with human RV failure as well as identify potential markers for disease assessment/progression and possible future therapeutic avenues.
Materials and methods

Human tissue acquisition
Non-failing non-transplantable donor hearts (control) were acquired through Lifeline of Ohio Organ Procurement, and end-stage diseased hearts were obtained at the time of cardiac transplantation, as described by our group [5] . Samples were obtained from the free wall of the LV and RV so that septal tissue, which contains myocytes from both the LV and RV could be avoided, thereby eliminating the possibility of "cross-contamination" between left and right ventricular tissue. Informed consent was obtained from transplant and left ventricular assist device (LVAD) patients and the institutional review board approved this study. Based upon available phenotypes within the repository, we included normal RV (n = 5) and LV samples (n = 5), RV samples from patients with PAH (n = 2), and both normal and RV failure samples from patients post-LVAD implantation (non-failing RV n = 2, mild RV failure n = 2, severe RV failure n = 2). We conducted 3 experiments evaluating the relationship between: 1) normal RV and LV tissue, 2) normal RV tissue and failing RV-PAH tissue, and 3) RV tissue from LVAD patients with normal systolic function, mild-RV failure and severe-RV failure.
Phenotype definitions
Within our institutional biorepository we searched for samples with phenotypes representative of 2 right heart failure disease states: PAH with RV failure (RVF) and post-LVAD with RVF, in addition to nonfailing control RV and LV samples (Table 1) . Using a de-identified dataset, patients with right heart dysfunction due to pulmonary hypertension out of proportion to left heart failure were identified by evaluating standard invasive hemodynamic criteria (mean pulmonary artery pressure (mPAP) ≥25 mmHg, pulmonary capillary wedge pressure (PCWP) ≥15 mmHg, pulmonary vascular resistance (PVR) ≥3 Wood units, and transpulmonary gradient ≥12 mmHg) [6] . Post-LVAD patients with right heart failure were identified by applying the Interagency Registry for Mechanically Assisted Circulatory Support (IN-TERMACS) diagnostic criteria for RVF and severity score [7, 8] . The LVAD-RVF group was further subdivided into those with mild (LVADmild-RVF) and severe (LVAD-sev-RVF) right heart failure ( Tables 1, 2 ).
mRNA and immunoblot experiments
mRNA isolation and analysis was performed according to methods previously described [9] . Briefly, tissue is flash frozen at the time of acquisition. RNA was extracted using the Qiagen RNeasy Mini Kit and RNA yield was measured using a Nanodrop 1000 Spectrophotometer. RNA was then converted to cDNA using a reverse transcription kit. Custom-designed gene arrays were used to probe for a number of targets using the Affymetrix system as previously described [9] . We then used analysis of variance (ANOVA) to measure differences (> 2 fold differences, both positive and negative) in expression between the listed groups ( Fig. 1 ). Immunoblots were performed as described [9] [10] [11] . All proteins were normalized to Glyceraldehyde 3-phosphate dehydrogenase (GAPDH). Antibodies utilized include (in albumin, or blotting-grade blocker): Anti-CTGF (Abcam, ab6990, 1:1000), Anti-Fibrillin 2 (Abcam, ab128026, 1:1000), Anti VEGFD (Bosterbio, PA1332, 1:4000), Anti-MYBPC2 monoclonal antibody (Invitrogen,MA1-26180, 1:4000), Anti-AACT antibody (Origene, TA323307, 1:1000), Anti-SMOC2 antibody (Novus Biologicals, NBP2-20425, 1:1000), Anti-S1PR3 antibody (Sigma-Aldrich, HPA059513, 1:1000) and Anti-TRAPP6AC antibody (Novus Biologicals, NBP1-83167, 1:1000). Secondary antibodies (Peroxidase AffiniPure Donkey Anti-Mouse IgG and Peroxidase AffiniPure Donkey Anti-Rabbit IgG both from Jackson Immunoreserach Laboratories, 715-035-150 and 711-035-152 respectively) were all prepared at concentrations of 1:10,000.
Statistical analysis
Clinical data were reviewed and basic demographic information and descriptive statistics were generated. Data is expressed as mean ± SEM with significance occurring at an α level < 0.05. To better understand the basic differences between human left and right ventricular tissue, we identified transcripts up or down-regulated in non-failing LV and RV samples (Fig. 2) [12] . mRNA was analyzed for ≥2 fold change between groups by ANOVA. From this list, key transcripts of interest were identified (Table 3) . • Post-LVAD with normal right heart function, explanted at time of OHT LVAD-mild-RVF Protein quantification from immunoblot in the genes of interest were normalized to GAPDH and differences between the following groups were compared using an independent t-test so long as there were at least n = 5 in each group (Control RV vs. Control LV, Control RV vs. PAH, Control RV vs. LVAD RV, LVAD RV vs. LVAD-mild-RVF, LVAD RV vs. LVAD-sev-RVF). For groups with n < 5 samples, standard statistical analysis was performed, but due to the increased likelihood of a statistical type II error we also examined and highlight descriptively any findings with > 2-fold change between groups.
Results
Defining transcriptional pathways unique to human right ventricle (RV)
To date, there is little information on the molecular pathways associated with RV failure. As an initial step to define inherent differences between left and right ventricle, we performed transcript analysis of non-failing human right and left ventricle samples. Notably, despite analysis of over 25,000 transcripts, we observed only 215 coding transcripts that displayed statistically significant 2-fold increase or decrease in expression (p < 0.05). Of these, 129 transcripts were upregulated in non-failing RV tissue versus non-failing LV tissue. Eighty-six of the transcripts were decreased > 2 fold in non-failing human RV versus LV tissue. Gene ontologic analysis revealed that 25% of these genes were associated with chemokine/cytokine-mediated inflammatory pathways, with another 21% functioning in important signaling pathways (Wnt, oxidative stress response, and integrin signaling) ( Fig. 2A) . Further grouping of altered transcripts by biologic role revealed a wide distribution of cellular roles including metabolic, developmental, regulation, and localization, among others (Fig. 2B) . As altered transcriptional regulation may not necessarily translate to altered protein expression, we performed immunoblot analysis on eight genes, representing multiple protein classes that were significantly altered in non-failing human RV versus non-failing LV samples.
Quantile plots of the eight proteins ( Fig. 3 ) in RV and LV tissue demonstrated normal distribution. In RV tissue there was a statistically significant reduction in expression of c-fos induced growth factor (FIGF, also known as VEGFD) (0.32 ± 0.06 vs. 0.69 ± 0.11, p < 0.05) and transport protein particle 6AC/TRAPP6AC (0.95 ± 0.08 vs. 1.63 ± 0.11, p < 0.05). Further, we observed an insignificant trend for increased expression of connective tissue growth factor (CTGF) in non-failing human RV samples versus non-failing human LV samples (1.61 ± 0.13 vs. 1.32 ± 0.04, p = 0.09). We observed no significant difference in the expression of FBN2 (p = 0.36), MYH6 (p = 0.69), SMOC2 (p = 0.86), Serpina3 (p = 0.85), or S1PR3 (p = 0.12) (Fig. 3) . 
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MYH6
Myosin heavy chain 6, cardiac muscle, alpha
• Associated with several congenital heart defects, including hypoplastic left heart syndrome (recessive)
SERPINA3
Serpin peptidase inhibitor (alpha 1 antiproteinase)
• Clear relationship to occlusive cerebrovascular disease (alpha 2 antichymotrypsin deficiency), also serves as an acute phase reactant SMOC2 SPARC-related modular calcium binding 2
• Acts in proliferation and migration of vascular smooth muscles to the intima in a model of carotid artery injury S1PR3 Sphingosine-1-phosphate receptor 3
• Regulates cell proliferation, apoptosis, motility, has been shown to be increased in an ischemia-reperfusion myocardial model TRAPP6AC TRAnsport protein particle
• Functions in protein transport 
Altered expression of key proteins in human left ventricular assist device (LVAD) and right heart failure (RHF)
Right heart failure is seen frequently after implantation of an LVAD in the setting of biventricular failure, and so as a final step to define differences in human heart samples, we evaluated samples taken from three groups: post-LVAD with normal right heart function (LVAD Control), mild RHF, and severe RHF. Basic demographic characteristics and detailed analysis of INTERMACS criteria for RVF are outlined in Table 5 . Surprisingly, we did not observe striking differences in expression between the groups. However, we did observe a non-significant~2-fold increase in SPARC-related modular calcium binding 2 protein that occurred in both the mild (1.97 ± 0.32 vs. 0.93 ± 0.19, p = 0.14) and severe RVF groups (1.82 ± 0.29 vs. 0.93 ± 0.19, p = 0.14). There was a 2.4 fold increase in Transport protein particle 6AC expression in LVAD patients with normal RV function as compared to normal RV samples without LVAD (2.27 ± 0.33 vs. 0.95 ± 0.08, p = 0.14) (Fig. 5 ).
Discussion
Heart failure: LV versus RV
Over the past several decades, there has been progressive understanding of the molecular mechanisms that contribute to LV failure. Hemodynamic abnormalities were thought to explain the syndrome of heart failure (both cardiorenal and cardiocirculatory models) [13] . It later became clear that neurohormonal mechanisms at the very least, contributed to the progressive nature of HF, and that when antagonized, improved clinical status [14] [15] [16] [17] [18] [19] [20] [21] . The field was further advanced as progressive maladaptive remodeling became better characterized and understood [22, 23] .Standard heart failure medications have substantially changed morbidity and mortality in left heart failure; however, have not had the same effect on patients with RVF, suggesting that there is a difference in the molecular mechanisms underlying RVF. Our data provides new information not only detailing differences in molecular pathways between human LV and RV in non-failing hearts, but further defines key proteins that may be altered in a host of unique diseases. For example, transcript analysis identified inflammation- Fig. 4 . Expression of key proteins in non-failing RV and PAHmediated RV failure. Relative protein expression (normalized to GAPDH) in non-failing (control) RV samples and PAH-mediated RV failure samples; note significant increase ( ⁎ ) in expression of FBN2, FIGF, and CTGF in PAH-mediated RV failure samples. Representative (single sample) immunoblots of each protein in control non-failing RV and PAHmediated RV failure tissue in Supplementary Fig. 1 . mediated pathways and cellular and metabolic processes as important in normal RV function, disparate from mechanisms in LV function. Previous studies have evaluated ischemic explanted hearts but our data is unique in that we compare non-failing LV and RV samples as well as diseased RV samples with PAH out of proportion to LV disease [24, 25] . C-fos induced growth factor (FIGF)/VEGFD is a member of the platelet-derived growth factor family with mitogenic activity for endothelial cells and hypoxia-induced stimulation of angiogenesis. FIGF itself plays an important role in and in heart failure [26, 27] . FIGF in infarct models acts as a profibrogenic mediator stimulating myofibroblast growth, migration, and type I collagen synthesis [28] . Extrapolating from this data, it seems reasonable that in RV tissue if there is reduced expression of FIGF, physiologic remodeling may be impaired. And so it is possible that failure of the RV may not be due to a primary insult perse, but rather may stem from a compromise in ability to undergo necessary physiologic remodeling in the face of an insult, such as increased pressure, infarction or volume overload.
Connective tissue growth factor (CTGF) (also known as CCN2) is a members of the CCN family are cysteine-rich matricellular proteins containing an N-terminal secretory peptide and 4 multi-functional domains that bind to multiple proteins: integrins, low-density lipoprotein receptor-related proteins, growth factors, and extracellular matrix components [29] . This protein plays a role normal embryonic and postnatal development, however in adults, has been shown to play a role in pathologic conditions such as: fibrosis, atherosclerosis, osteoarthritis, and malignancy [30] . We observed a trend toward increased expression of connective tissue growth factor CTGF in RV tissue. It is unknown whether CTGF causes fibrosis, or is a marker of the extent of fibrosis in different tissue subtypes. In cardiovascular disease models it has been shown to be both upregulated [31, 32] and downregulated [33, 34] We have found only one study evaluating the role of CTGF in RV function and failure, where in patients with carcinoid disease there was an inverse correlation between RV function and CTGF levels, indicating that CTGF may play a role in mediating RV systolic dysfunction, and could potentially be used as a marker of this dysfunction [35] . Our findings, that CTGF may have higher expression in normal functioning RV (versus LV) tissue, suggests that the role of CTGF in fibrosis and cardiomyopathy, may be magnified in right heart disease and RV failure.
Changes in FIGF or CTGF don't entirely explain why RV function and failure are different than LV function/failure. However, we postulate that these changes together (downregulation of FIGF and upregulation of CTGF) may indicate that there are distinctive differences in RV response to stress and/or injury. Specifically, RV dysfunction may be a result of impaired remodeling and inflammation. This hypothesis would support the transcriptional data we generated, which showed the importance of inflammatory pathways in RV tissue.
RV failure in PAH
Advances in medical therapy for pulmonary vascular disease have led to improved survival in patients with pulmonary arterial hypertension; despite this, morbidity and mortality remain high [36] . Presently available medical therapy has targeted vasoactive and proliferative compounds found to contribute to the pathobiological abnormalities within the pulmonary vasculature. It has become clear that although changes in the pulmonary vasculature are important, the RV plays a central role in survival and prognosis [37] [38] [39] [40] [41] [42] [43] .In fact, RV function according to many, is the most important determinant of survival in PAH [44, 45] . In the presence of PAH, the RV is forced to deal with increased afterload, frequently resulting in hypertrophy and dilatation of the right ventricle. It remains unclear why some individuals have a more favorable and compensatory RV, and others have progressive dilatation and dysfunction leading to decline in functional capacity and ultimately worse prognosis. At present we lack knowledge about the differential response of the RV in pulmonary vascular disease, and as such there are no medical therapies targeted specifically to the right heart.
In this study, we identified two patients within our institutional biorepository who met hemodynamic criteria for PH out of proportion to left heart disease (PAH) and underwent transplant, thereby making the explanted RV available for study. From a hemodynamic standpoint, the PAH in these individuals was severe. In fact, in both cases despite undergoing orthotopic heart transplant, survival was poor (~1 year) due to recalcitrant RHF in the setting of pulmonary hypertension. We showed that CTGF may be higher in the normal functioning RV and was higher yet in the failing right hearts of PAH patients. Our study isn't the only one to show upregulation of CTGF in pulmonary disease and in patients with PAH [46, 47] . This finding further supports the theory that RV dysfunction may be largely mediated by impaired remodeling and subsequent inflammation.
The upregulation of Fibrillin-2 (FBN2) may also support this hypothesis. FBN2 is a component of the extracellular matrix functioning in elastic fiber formation/anchoring; in humans FBN2 gene variants are linked to the microfibrillopathy condition termed congenital contractural arachnodactyly; this is clinically similar to the more wellknown Marfan syndrome -an important example of a vascular connective tissue disease [48] . Likewise, Serpin peptidase inhibitor (SER-PINA3), also known as alpha-1-antiproteinase, has played a role in diseases characterized by abnormal remodeling and regeneration: alpha 2 antichymotrypsin deficiency, [49] Alzheimer's disease, Parkinson disease, and multiple system atrophy [50] [51] [52] [53] . And so it is not surprising that downregulation of SERPINA3 occurred in PAH-mediated right heart failure, and again supports the hypothesis that the development of RV failure may rely more heavily on incomplete or flawed tissue remodeling and inflammation. 
J.L. Williams et al.
Life Sciences 196 (2018) 118-126
RV failure post-LVAD
RVF is one of the leading complications post-LVAD implantation occurring in 10-40% of patients [54] [55] [56] [57] , and is associated with worse survival [57] . RVF post-LVAD implantation is due to multiple factors including: increased LV cardiac output leading to increased venous return (preload) to the RV [58] , exaggerated left shift of the interventricular septum leading to decreased contribution to RV contraction [59, 60] , tachyarrhythmias [61] , and in the case of underlying tricuspid valve disease, worsening regurgitation may ensue leading to progressive RVF. There are also several patient-related factors that increase the risk of developing RVF, including elevated PVR, which increases risk for RVF linearly [62] . Although RVF risk prediction models exist, there is no generally accepted work-up to accurately predict risk of RVF post-LVAD implantation.
There is not significant data on molecular mechanisms of RVF in the post-LVAD population. Due to a small number of tissue samples available in all LVAD categories we were only able to report fold-changes and no statistical analysis was done. In this very preliminary analysis we did not find any changes that were > 2-fold different between control, mild RHF, and severe RHF samples. There may have been some trends in differences between SPARC-related modular calcium-binding 2 protein (SMOC2) and TRAPP6AC, however with small sample size it is difficult to determine what role these proteins may play in RVF post LVAD implantation. However, with an increasing number of mechanical circulatory devices placed, this is an ideal target for further research.
Limitations
This study is limited by the assumptions inherent in analysis of molecular signatures in human control and diseased tissue. In particular, this relies on the supposition that protein levels (as identified by mRNA expression) have a linear relationship with function. Alternative splicing and posttranslational modification along with cellular differentiation commonly play a role in protein variation and function. These are less well examined with this methodology in order to narrow the scope of this project so that results can be reasonably achieved in the study timeframe. The tissue samples analyzed are categorized by underlying cause of RV function (or failure). We recognize that phenotypic heterogeneity between the subgroups analyzed exists, and while the groupings may be overly simplistic, it is a necessary categorization to allow comparison between reasonably different clinical phenotypes. It is important to acknowledge that we did not find linear changes in protein expression related to the degree or RV failure. We postulate that this is because there is some level of tissue degradation during the acquisition and storage process. Our tissue repository dates back almost 10 years, and it is also likely that storage time also affects tissue integrity. Therefore, we can detect changes in expression, but not necessarily infer that degree of change in expression is correlated to the amount of RV dysfunction. Finally, small numbers of patients with RVF go on to heart transplant, and this limited our ability to look at large sample numbers. Transplant medicine has evolved rapidly over the last several years, and in particular with human heart transplant, we have learned that patients with RVF do poorly. Therefore, right heart function is scrutinized during the heart transplant work-up and listing process. As a result, tissue from patients similar to those included in this study, are no longer available as they do not go on to be listed or receive heart transplant if significant right heart dysfunction is present. We fully acknowledge that a larger sample size would increase the power and potential impact of the results. However, we believe that this work in human samples will serve as a platform for new hypothesis generation in the study of right ventricular failure. Despite these limitations, this model is a practical way to take a "first look" at the genomics underlying RV function and failure.
Conclusions
This work provides some of the first analyses of the molecular heterogeneity between human RV and LV tissue, as well as key differences in human disease (RVF secondary to pulmonary hypertension and LVAD mediated RVF). Our transcriptional data indicated that inflammatory pathways may be more important in RV tissue, and changes in FIGF and CTGF supported this hypothesis. In PAH RV failure samples, upregulation of FBN2 and CTGF further reinforced the potential significance that altered remodeling and inflammation play in normal RV function and failure.
Supplementary data to this article can be found online at https:// doi.org/10.1016/j.lfs.2018.01.021.
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